A general introduction to molecular modelling techniques in the area of protein-ligand interactions is given. Methods covered range from binding-site analysis to statistical treatment of sets of ligands. The main focus of this paper is on docking and scoring. After an outline of the main concepts, two specific application examples are given.
Introduction
Over the past 15 years a variety of applications and techniques have been developed, in order to perform in silico calculations of protein-ligand interactions. In this context one can think of a variety of areas, which are outlined in Figure 1 . In the remainder of the introduction, a very brief overview of these techniques is given [1] . The subsequent headings will then focus on the topics of docking and scoring, which are of particular interest in current drug research.
For many applications related to calculating protein-ligand interactions it is necessary to have the protein structure(s) of interest at hand. If the structure is not available, one can resort to the techniques of protein-structure prediction [2] . Most commonly applied are 'threading' and homology modelling [3, 4] . During threading -or fold recognition -an assessment is made whether a given amino acid sequence is compatible with one of the structures in a database of known folds. Homology -or comparative -modelling relies on a clear relationship or homology between the sequence of the target protein and at least one known structure.
Be it from experiment or prediction, once the threedimensional structure of the protein of interest has been obtained, it can be analysed using a variety of computational techniques. If the function of the protein is unknown, it may be important to search its structure for putative binding sites [5] . These binding sites can subsequently be explored for the binding of selected molecules, or they can be compared with other, known, binding sites. In many cases the binding site (and the function of the protein) is known by reference (e.g. the protein can be assigned to a protein family with known function), or the protein has been co-crystallized with a ligand. An analysis of the binding-site characteristics and/or the interactions with a given ligand can lead to important insights for the design of novel ligands or the docking of a number of putative ligand molecules [6, 7] .
The design of novel ligands for a given binding site is of high importance in current drug research, and it is normally referred to as de novo or ab initio ligand design. Many procedures have appeared which accomplish this task in an automated fashion [8] . Normally, these programs attempt to generate novel ligands totally from scratch, or they start from a given ligand and try to modify it in such a way that its interactions with the target protein are improved or optimized [9] .
Sometimes affinity data for a set of protein ligands are available, but it is not possible to obtain a reliable receptor structure. For example, experimental structures of membrane bound or embedded proteins are hard to get and even good model structures are difficult to obtain. However, it would be desirable to perform some kind of rational manipulation of the ligands, with the aim to design ligand molecules that bind in an improved fashion. Most commonly applied under these circumstances are 'indirect' or ligand-based modelling techniques, such as pharmacophore modelling and QSAR (quantitative structure-activity relationship) approaches [10, 11] .
Docking of small molecules to receptor structures has become increasingly important in the context of drug discovery [12] [13] [14] . Over the past few years a number of methods have been developed for performing (relatively) fast predictions for a series of molecules regarding their ability to bind to a protein binding site [15] . In the following these methods are described in some detail, followed by some example applications.
General definition of small-molecule docking
Generally speaking, docking is carried out using a computer program in order to dock computer-generated representations of small molecules to a receptor (or to a user-defined part thereof, e.g. the active site of an enzyme), followed by evaluation of the molecules with respect to complementarity in terms of shape and properties, such as electrostatics. Good complementarity of a molecule indicates that the molecule is potentially a good binder. The outcome of a docking exercise normally includes some sort of affinity prediction for the molecules investigated, yielding a relative rank-ordering of the docked compounds with respect to affinity. 
Benefits and applications
If the affinities of molecules to a receptor can be predicted with reasonable accuracy, there are obvious benefits from this approach. One of the buzzwords in drug discovery of the recent years has been 'virtual screening'; in the context of docking this implies docking and scoring of large numbers of molecules within a relatively short time frame [16] . These molecules could be a database of compounds, either proprietary or commercially available, or a large library of virtual molecules designed on a computer. Only the compounds with the best-predicted affinities are subsequently selected for synthesis and/or testing. Provided the selection contains a large proportion of active molecules, 'enrichment' has been achieved, and significant amounts of time and money could be saved [17] .
Pose prediction versus affinity prediction
Technically speaking, the placement of the molecules in the region of interest (e.g. the receptor-binding site) is referred to as 'docking', whereas the prediction of affinity is referred to as 'scoring'. Although termed 'docking programs', the programs used nowadays are designed to carry out both tasks. The distinction between docking and scoring defines also the two major technical challenges faced by docking programs: to predict the binding mode of a molecule correctly (herewith also referred to as 'pose prediction', where 'pose' refers to the orientation and conformation of a molecule at the receptor binding site) [18] and to predict the binding affinity of compounds (or to produce a relative rank-ordering for a number of compounds) in a reliable manner [19] .
Docking algorithms
Determining the correct binding mode of a molecule involves the task of finding the correct orientation and -as most ligand molecules are flexible -the correct conformation of the docked molecule. This implies that the degrees of freedom to be searched include translational and rotational degrees of freedom of the ligand as a whole, as well as the internal degrees of freedom of the molecule, i.e. predominately the torsions. To this end a number of different search algorithms have been developed. In some of these algorithms the ligand is built up incrementally, starting from a docked 'base fragment'. Representatives of this approach are Hammerhead [20] , DOCK [21] and FlexX [22] . In other approaches, such as AutoDock [23] , Gold [24] , ICM-Dock [25] and QXP [26] , the ligand is treated in its entirety.
Receptor flexibility
In addition to ligand flexibility it may be desirable to keep at least part of the receptor flexible, in order to reproduce the so-called 'induced fit', although relatively few docking programs take this into account so far. Notable examples for programs incorporating receptor flexibility are the latest version of AutoDock [27] , FlexE [28] , QXP [26] and Affinity [29] . The way this is implemented differs from program to program. FlexE, for example, uses multiple receptor conformations, whereas QXP allows user-defined parts of the protein, e.g. selected side chains or a particular loop, to move during the minimization step of the docking procedure.
Searching for the right pose
Searching for the correct binding mode of a molecule is typically carried out by performing a number of trials and keeping those poses that are energetically reasonable. The search stops once a certain number of trials have been carried out and/or a sufficient number of poses have been found for a molecule. In order to explore a large search space, algorithms have been developed that keep track of previously discovered minima and guide the search into new regions [30] [31] [32] . The decision to keep a trial pose is based on the computed ligand-receptor interaction energy (score) of that pose. To identify and rank-order many different poses of a molecule during the search in a reasonable time, several programs calculate a 'dock score' (a score based on a simple energy function such as a forcefield with an electrostatic term and repulsive and attractive Van-der-Waals terms), which can be evaluated very rapidly during the docking process, while a more sophisticated function is used to calculate the final 'affinity score' for that molecule.
Scoring
Affinity scoring functions are then applied to the energetically best pose or n best poses found for each molecule, and comparing the affinity scores for different molecules gives their relative rank-ordering. The implicit assumption is that for a given molecule the best pose according to the affinity score is among the n saved poses identified with the dock score.
A large variety of scoring schemes exists today [33] , many of which fall into one of two main groups. The first group contains scoring schemes based on physical interaction terms, such as Van-der-Waals interactions or hydrogen bonding [34] . Two classes of function can be defined within this group: in 'empirical' scoring functions each of the terms is multiplied with a coefficient and the products are summed up to give the final score. The coefficients are optimized to give a good fit to a training set of molecules. The other class comprises 'first-principle-based' scoring functions, where the terms are directly derived from physico-chemical theory and are not fitted to experimental data [35, 36] . The second main group comprises 'knowledge-based' scoring functions that are derived using statistics for the observed inter-atomic contact frequencies and/or distances in crystal structures of proteinligand complexes. Examples of these scoring functions are the PMF [37] and DrugScore scoring functions [38] .
An alternative to using single scoring schemes is to combine several scoring functions and to assign a 'consensus score' [39, 40] . In this case, in order to be classified as a potential binder, a molecule has to score well across a number of different scoring schemes.
For a comprehensive overview of prediction of binding affinity the reader is referred to a recent review by Gohlke and Klebe [41] . In the following, two examples of the successful application of docking and scoring are given.
Example 1: identification of subnanomolar inhibitors of CAII (carbonic anhydrase II)
Docking and scoring were applied recently to CAII, resulting in the successful identification of subnanomolar inhibitors [42, 43] . In this case a layered strategy was followed, which included in the last step docking and scoring of a number of compounds. The starting point of the study was the high-resolution crystal structure of CAII, and a set of 90 000 molecules including 35 known CAII inhibitors, as contained in the Maybridge and LeadQuest databases. As a first step, a binding-site analysis was performed, in order to identify key interactions between a putative compound and the receptor. These key interactions (or 'hot spots') were transformed into a pharmacophore model, which was used to search the database of 90 000 molecules in their threedimensional representations for molecules containing this pharmacophore. The database scan led to the identification of 3314 molecules, which were taken to the next stage. In the second step, the 3314 molecules were rank-ordered using the program FlexS that evaluates their potential binding affinities by comparison with a reference compound. In the third and final step the 100 best-ranking molecules were docked into the binding pocket of CAII using the docking program FlexX. FlexX score and DrugScore were used to predict the binding affinity of the docked molecules and to rankorder them accordingly. The 13 top-scoring compounds were chosen for testing, and three inhibitors with IC 50 values of <1 nM were identified. Two of the subnanomolar hits were co-crystallized with CAII, and the binding mode generated by FlexX and ranked highest by DrugScore was found to be in good agreement with the experimental structures.
The study yielded two important insights. First, it turned out that water molecules played an important role during the docking process. Four conserved water molecules had been identified by superposition of all complex-and apo-structures of CAII. Inclusion of these solvent molecules in the docking process added to the steric restriction of the binding pocket and led to better solutions. Secondly, despite the successful identification of high-affinity binders, it was observed that overall correlation between the IC 50 values and the binding affinities predicted by FlexX score or DrugScore was rather poor.
Example 2: comparison between HTS (high-throughput screen) and molecular docking for PTP-1B (protein tyrosine phosphatase-1B)
In this study a comparison between HTS and docking against PTP-1B was performed [17] . For the HTS a library of approx. 400 000 compounds from a corporate collection was screened. Some 85 compounds were found with IC 50 values between 100 and 1 µM, which corresponds to a hit rate of 0.021%. In silico screening against PTP-1B was performed using 235 000 commercially available molecules from the ACD, BioSpecs and Maybridge databases. Docking was carried out with the Northwestern University incarnation [44] of DOCK3.5 [45] . Target was the crystal structure of PTB-1B (PDB entry 1pty) and the site was defined by the locations of two bound phosphotyrosine molecules. After the docking the top-scoring 1000 molecules (500 for the ACD and 500 for the combined BioSpecs and Maybridge databases) were considered for further evaluation. A total of 889 molecules were actually available, and after visual inspection 365 compounds were chosen for testing. Of these, 127 molecules were found to be active with IC 50 < 100 µM, which corresponds to a hit rate of 34.8%.
Although the compound sets used in HTS and virtual screening were not identical and the experimental conditions for the HTS screen and the testing of the 365 compounds varied somewhat, the differences in hit rates were impressive and underpinned the usefulness of docking and scoring. However, as in the study on CAII, it was noted that there was no clear correlation between the docking scores and the IC 50 values. This is illustrated by the molecules listed in Table 1 . Compounds 2 and 3 in Table 1 have very different scores (and corresponding ranks), but they possess equivalent activity. Compound 1, in turn, is ranked relatively low, but has the highest activity.
Concluding remarks
Docking and scoring have evolved significantly over past years. As shown by a number of examples, they have become valuable tools in drug discovery. However, it has been recognized that reproducing or predicting the right binding mode -which already has a number of benefits in its own right -is easier than predicting activity or rank-order of several compounds. Nevertheless, if applied prudently, docking and scoring can lead to a significant enrichment of active compounds among the best-scoring molecules.
